Background: After lung transplantation (LTx) exercise capacity frequently remains limited, despite significantly improved pulmonary function. The aim of this study was to evaluate maximal exercise capacity and peripheral muscle force before and 1 year after LTx, and to determine whether peripheral muscle force and lactate threshold (LT) limit exercise capacity 1 year after LTx.
Lung transplantation (LTx) has become an established mode of treatment for many forms of end-stage pulmonary disease. Upon recovery post-operatively, doublelung transplant (DLT) recipients typically have nearnormal spirometry with mildly impaired diffusion capacity. 1 After single-lung transplantation (SLT), spirometry typically remains partially abnormal, reflecting the pathology of the remaining native lung. 1 Despite significantly improved pulmonary function, most transplant recipients have an exercise impairment as defined by lower-than-normal values of peak oxygen uptake (peak VO 2 ) and maximum achievable work rate (W peak ). VO 2 peak ranges from 40% to 60% of predicted values, regardless of the transplantation type (single or double LTx) or underlying pulmonary disease. [2] [3] [4] The reduced peak VO 2 is accompanied by low peak cardiac frequency, low oxygen pulse at peak exercise, high respiratory exchange ratio and early lactic acidosis, consistent with a defect originating in the peripheral muscles. 3 Several studies have confirmed that muscle function changes after LTx. Pantoja et al demonstrated reduced peripheral muscle strength of the ankle dorsiflexor muscle groups between 11 and 102 months after LTx. 5 Reduced total leg strength and work capacity were noted in another group of patients, most of whom were Ͼ18 months post-LTx. 6 Reduced oxygen utilization by the vastus lateralis muscle was demonstrated after LTx by 31-phosphorus ( 31 P)-magnetic resonance spectroscopy and by optical near-infrared spectroscopy. 7, 8 Skeletal muscle biopsies from the quadriceps exhibited lower activity of the oxidative enzymes, lower proportion of type 1 (fatigue-resistant) fibers, higher lactate concentration, low intramyocyte pH, and reduced adenosine triphosphate (ATP) content. 9 Together, these studies support the hypothesis that the limited exercise capacity found after LTx may be due, at least in part, to limited muscle strength and limited endurance capacity of the lower limbs.
The question arises as to when exactly peripheral muscle performance deteriorates. After LTx, factors such as immobilization, poor nutritional status, catabolic conditions and pharmacologic treatment with corticosteroids or calcineurin inhibitors may contribute to peripheral muscle wasting or dysfunction. However, already before LTx the underlying pulmonary disease may result in peripheral muscle deconditioning and atrophy. Indeed, in the pre-transplant condition of chronic obstructive pulmonary disease (COPD) a marked reduction in type 1 fiber proportion, reduced muscle mass, and decreased concentrations of oxidative enzymes in the quadriceps femoris have been reported. 10 Until now, there has been, to our knowledge, little information available regarding exercise performance and peripheral muscle function before and after lung transplantation, at well-defined time-points. Therefore, the primary aim of the present study was to evaluate in a longitudinal manner the limitations of maximal exercise capacity together with peripheral muscle force before and 1 year after LTx. We hypothesized that peripheral muscle weakness is an important contribut-ing factor in the limitation of exercise at 1 year posttransplantation.
METHODS Patients
The patients studied were a cohort of single-and double-lung transplantation (SLT and DLT, respectively) recipients at the University Medical Center Groningen (UMCG, The Netherlands). Twenty-five patients (4 SLTs, 21 DLTs) who survived Ͼ1 year after transplantation were studied both before (mean Ϯ SD: 620 Ϯ 477 days) and 1 year after transplantation. All patients had endstage respiratory disease: emphysema (n ϭ 11); idiopathic pulmonary fibrosis (n ϭ 5); cystic fibrosis (n ϭ 5); bronchiectasis (n ϭ 2); Eisenmenger's syndrome (n ϭ 1); and lymphangio-leiomyomatosis (n ϭ 1). None of the recipients had undergone re-transplantations. Baseline patient characteristics are shown in Table 1 . After discharge, all patients were instructed to exercise (walking, cycling, etc.) regularly, without a prescribed structured exercise program, supervised by a physiotherapist. All transplant recipients received conventional immunosuppression with cyclosporine (CyA) or Approval for the use of clinical data in this study was obtained from our institutional review board on human research. Written informed consent was obtained from all patients.
Pulmonary Function
Flow volume measurements included forced expiration volume in 1 second (FEV 1 ) and inspiratory vital capacity (IVC). Total lung capacity (TLC) and functional residual capacity (FRC) were measured by body plethysmography (Jaeger, Wurzburg, Germany). Values were expressed as a percentage of reference values. 11 All measurements were performed according to European Respiratory Society (ERS) standards. 12
Peripheral Muscle Force
Maximal voluntary isometric muscle force of the musculi quadriceps, biceps brachii and triceps brachii were measured bilaterally using a hand-held dynamometer (MicroFET II, Hoggan Health Industries, Draper, UT). All actions were tested in gravity-neutralized positions, with the exception of knee extension. During the quadriceps force measurement, the patients were sitting on a table and the dynamometer was positioned at the ventral side of the leg just proximal to the ankle. The force of the biceps brachii and triceps brachii was measured while the patient was in a supine position. The upper arm rested horizontally with the elbow in 90°flexion. For the biceps brachii measurement the dynamometer was placed on the ventral side of the arm just proximal to the wrist joint. The triceps brachii was measured with the dynamometer placed on the dorsal side of the arm just proximal to the wrist joint. During all measurements the break method was used. In utilizing this method, the examiner gradually overcomes the force produced by the patient until the extremity gives away. 13 All measurements were performed three times. Mean muscle force values of the dominant side were calculated and used for analyses. Predicted values were calculated using the equations of Bohannon. 14
Cardiopulmonary Exercise Testing
Maximal exercise capacity was measured using an incremental symptom-limited bicycle ergometer test. Heart rate and rhythm were monitored by electrocardiography. A brachial or radial artery catheter was inserted for periodic sampling of blood for analysis of pH, PaO 2 , PaCO 2 and lactate. Samples were drawn at rest and every 3 minutes during exercise, in the last 45 seconds of each increment. Patients respired through a mouth-piece and wore a nose-clip. Minute ventilation (VE), oxygen uptake (VO 2 ) and carbon dioxide output (VCO 2 ) were measured and calculated from a mixing chamber every 30 seconds (MMC Oxygen Champion, Jeager, Wurzburg). Calibration of gas analyzers and flow transducers was performed before each test. The test required 3 minutes of seated rest on the ergometer for collecting baseline measurements. Subjects were then instructed to begin pedaling at 60 to 70 revolutions per minute. After 3 minutes of unloaded cycling, power was increased every 3 minutes by 15 W. The patients were encouraged to cycle as long as possible. Peak values for all variables were obtained by averaging data over the last 20 seconds of maximum completed work. Peak VO 2 was predicted using formulas for healthy subjects. 15 Peak VE was predicted by the formula of Carter (37.5 * FEV 1 ). 16 The lactate threshold (LT) was determined by plotting the log lactate concentration against the log VO 2 and taking the break-point of the slope. The LT was expressed as percentage of predicted peak VO 2 . 17 To determine the limiting factor during exercise the following definitions were used: cardiocirculatory limitation was defined as having no heart rate reserve (peak heart rate at or above predicted peak heart rate); ventilatory limitation was defined as having a breathing reserve of Ͻ11 liters/min and/or a PCO 2 becoming Ͼ6 kPa 15 ; oxygen uptake limitation was defined as an increase in alveolar-arterial oxygen tension of Ͼ2 kPa during exercise 18 ; and peripheral muscle limitation was defined as having none of the other limitations in combination with a low lactate threshold (Ͻ40% of predicted VO 2 ). 15
Statistics
Statistical analysis was performed using SPSS/PCϩ11 software. Shapiro-Wilk tests were used to determine whether variables of interest were normally distributed. Differences pre-and post-LTx were analyzed using the Student's t-test for paired samples (for normally distributed variables) and Wilcoxon tests (in case of skewed distribution). p Ͻ 0.05 was considered statistically significant. Correlations between variables were investigated using the 2-tailed Pearson's correlation coefficient (for normally distributed variables) and Spearman's correlation coefficient (in case of skewed distribution).
Exercise Capacity Before and 1 Year After LTx
Before LTx, peak VO 2 and W peak were below normal values in all recipients ( Table 3 ). The limitations in exercise, as defined in the Methods section, were caused by impaired ventilation in 21 patients and by impaired oxygen uptake in 4 patients. Before LTx, the lactate threshold could not be determined in 15 patients because of peak workloads of 0 W. In the remaining 10 subjects, lactate threshold was 22.4 Ϯ 9.7% (mean Ϯ SD) of the predicted peak VO 2. After LTx, all recipients showed significant improvements in peak VO 2 and W peak (Table 3) . Peak VE and VO 2 improved approximately 2-fold, and peak workload 6-fold. Nevertheless, mean VO 2 max and W peak remained significantly below normal values. Limited exercise capacity was not due to high heart rate, impaired ventilation or low oxygen uptake. The average lactate threshold was 30.0 Ϯ 11.3% of predicted peak VO 2 . Thus, in all subjects the criteria for peripheral muscle limitation were met. However, 8 patients also showed an increase in alveolar-arterial oxygen tension of Ͼ2 kPa at maximal exercise, indicating an oxygen uptake limitation in combination with a peripheral limitation. There were no significant differences between patients treated with CyA and patients treated with FK (peak oxygen uptake in the CyA group was 15.5 ml/min/kg vs 15.9 ml/min/kg in the FK group; lactate threshold was 31% in the CyA group vs 29% in the FK group; Table 4 ). No significant correlations (Spearman) were found between doses of corticosteroid and peak VO 2 (r ϭ 0.30, p ϭ 0.15) and between doses of corticosteroid and lactate threshold (r ϭ 0.12, p ϭ 0.58). A weak, but significant correlation (Spearman) was found between time on the waiting list and muscle force of the quadriceps (r ϭ -0.44, p ϭ 0.03). This correlation suggests that lung transplant recipients with a long waiting time have less muscle force of the quadriceps 1 year after transplantation.
Peripheral Muscle Force and Its Contribution to Limitation of Exercise 1 Year After LTx
Upper-extremity muscle force improved significantly (biceps: 168 Ϯ 53 N to 192 Ϯ 58 N, p ϭ 0.01; triceps: 117 Ϯ 36 N to 130 Ϯ 33 N, p ϭ 0.02). One year after LTx, muscle force of the biceps was 101 Ϯ 17% of predicted values and muscle force of the triceps was 95 Ϯ 28% of predicted values. Muscle force of the lower limbs (quadriceps) improved significantly from 248 Ϯ 73 N to 281 Ϯ 68 N and reached a value of 67 Ϯ 19 N of predicted ( Table 5 ). The predicted values of muscle force (corrected for weight) did not show significant improvement.
After LTx, muscle force of the quadriceps correlated significantly with the peak load (r ϭ 0.41, p Ͻ 0.05). There was also a significant correlation between the lactate threshold and peak load (r ϭ 0.76, p Ͻ 0.001) and peak VO 2 (r ϭ 0.68, p Ͻ 0.001). After LTx, quadriceps muscle force correlated significantly with lactate threshold (r ϭ 0.53, p Ͻ 0.01) ( Figure 1 ). The correlation between biceps muscle force and the LT just failed to reach significance (r ϭ 0.37, p Ͻ 0.07) and 
DISCUSSION
This study has demonstrated that maximal exercise capacity (W peak and VO 2 max) improved significantly 1 year after LTx. However, maximal exercise capacity did not reach normal values, despite (near) normal lung function in most recipients. After LTx, maximal exercise capacity was reduced due to peripheral muscle limitation in all recipients, which was reflected by pathologically low lactate thresholds. Peak muscle force of the quadriceps improved modestly after LTx, but remained low compared with age-, gender-and weight-adjusted reference values. This is the first study demonstrating, at well defined time-points, that peripheral peak muscle force plays an important role in the limited exercise capacity after LTx, in line with the hypothesis. This study demonstrated clearly that exercise capacity is significantly limited 1 year after LTx, which is completely in line with previous findings. [2] [3] [4] 19, 20 Despite the fact that the LTx recipients were studied in a stable clinical condition, they achieved peak VO 2 at approximately 57% of predicted.
In contrast to pre-transplant exercise results there was no evidence of a ventilatory limitation during maximal exercise testing 1 year after LTx. Most patients did not reach the predicted maximal heart frequency. In DLT recipients, cardiac denervation may have been responsible for the lower peak heart rate. However, all DLT recipients underwent operation using bilateral (sequential single) LTx, which makes primary disturbance in cardiac function rather unlikely. All transplant recipients showed signs of lactic acidosis at an abnor-mally low workload. All 25 LTx recipients had a pathologic lactate threshold of Ͻ40% of the predicted value. Schwaiblmair and colleagues 3 also demonstrated a reduced LT within 3 months after transplantation. Accordingly, Gibbons et al 21 investigated 12 SLT recipients within 7 months after transplantation and observed a low LT. In the absence of a ventilatory, oxygen uptake or cardiac limitation, these data indicate that peripheral muscle dysfunction is a major cause of decreased exercise capacity after LTx. However, 8 patients also showed an increase in alveolar-arterial oxygen tension of Ͼ2 kPa at maximal exercise, indicating a peripheral limitation in combination with an oxygen uptake limitation.
One component of peripheral muscle dysfunction is the decreased aerobic capacity, as reflected by a low LT. Decreased aerobic capacity may be due to muscle depletion (especially loss of slow-twitch fibers), and to impaired aerobic enzyme deficits. Interestingly, cyclosporine has been shown to inhibit skeletal muscle mitochondrial respiration in vitro and to diminish endurance exercise time in rats. The mechanisms involved are not clear, but seem to be related to diminished mitochondrial calcium efflux with subsequent mito- Values expressed as mean (SD); peak VO 2 , peak oxygen uptake; LT, lactate threshold. chondrial dysfunction. 22, 23 One year after transplantation there were no differences in aerobic capacity between patients treated with CyA and those treated with FK. Cyclosporine may also cause chronic anemia in transplant recipients, resulting in reduced oxygencarrying capacity of the blood. However, all transplant recipients have maintained normal or mildly reduced hemoglobin values. Additional effects of medication, such as doses of corticosteroid, were also not related to aerobic capacity and lactate threshold. Another component of peripheral muscle dysfunction is decreased peak muscle force. Our data show that the mean peak muscle force of the quadriceps was decreased in LTx recipients compared with reference values. This may have been due to immobilization, sub-optimal nutrition, catabolic conditions, critical illness neuropathy and pharmacologic treatment. 24 Indeed, potentially toxic medications are administered to all transplant recipients. For example, systemic steroids, frequently prescribed pre-and post-LTx, may induce atrophy and myopathy in all peripheral muscles. 7 Our data also show a significant, but weak correlation between time on the waiting list and muscle force of the quadriceps 1 year after transplantation. This correlation suggests that lung transplant recipients with a long waiting period have less muscle force 1 year after transplantation. However, time on the waiting list does not provide information about disease duration before assessment. Based on these data we could not determine the influence of disease duration on muscle force.
The results of this study suggest that both the muscle aerobic capacity and muscle peak force may contribute to the limited exercise capacity observed after LTx. However, the direction of a possible causal relationship between muscle force and exercise capacity is unclear, as limited exercise capacity may lead to decreased physical activities and muscle deconditioning and vice versa. An explanation for the positive correlation between peak quadriceps muscle force and the anaerobic threshold may be that patients with less muscle volume develop greater muscle tone at sub-maximal workloads, resulting in impaired peripheral blood flow and early lactate production. To help determine the role of pre-transplant deconditioning vs possible effects of immunosuppressive medications, further comparable studies of, for example, other organ transplant groups, would be informative.
Previous studies detected LT by gas exchange, 15 which is an indirect and non-invasive method. In contrast, in the present study LT was assessed by measuring the lactate concentration directly, and by plotting the log blood lactate against the log VO 2 and taking the break-point of the slope. 17 This method detects the LT more reliably, because atypical records due to irregular breathing or a poor ventilatory response to metabolic acidosis can be obviated. Despite this advantage, it was not possible to detect LT in 15 subjects pre-LTx. Due to early termination of the test, it was not possible to reach LT.
To our knowledge, only a few studies 25, 26 have examined the effects of a rehabilitation program on recipients of lung transplants. One study 25 of 11 heartlung transplant recipients used an in-hospital exercise training program lasting 20 to 70 days and consisting of supervised incremental treadmill walking, inspiratory muscle training, abdominal muscle training and upperand lower-extremity weight training. Skeletal (flexor and extensor leg muscles) and respiratory muscle function and exercise capacity improved with time, but were still below normal values after 18 months. In another study, 26 a 6-week aerobic exercise training program improved peak work and oxygen consumption in lung transplant recipients; however, these improved values were still only 55% to 65% of those of control subjects, and all transplant recipients stopped exercising due to leg pain. No change was observed in lactate production and LT, which may indicate that improvements in skeletal muscle oxidative capacity did not occur.
Our study may have practical implications for preand post-LTx rehabilitation, although our results must be interpreted with care due to the small number of patients. Unfortunately, we did not have accurate data on the exact exercise programs followed by the lung transplant recipients. However, the association between muscle force and lactate threshold in the present study may underline the importance of early progressive resistance training or high-intensity interval anaerobic training. The usefulness of resistance training, as a supplement to conventional aerobic exercise, has been clearly shown in patients with COPD and CF. [27] [28] [29] [30] It is difficult to determine whether the training stimulus used in previous studies was adequate for providing an improvement in exercise capacity and LT. Therefore, the optimal training strategies for lung transplant recipients remain to be determined in further research.
A potential limitation of this study is the heterogeneous study population, consisting of six different diseases. On the other hand, there is a universal problem of limited exercise capacity after LTx due to muscle performance. Apparently, the post-LTx factors responsible for this muscular deficit are present, irrespective of the underlying disease.
In conclusion, exercise capacity is reduced in lung transplant recipients. Despite (near) normal lung function, all patients demonstrated an early and pathologic lactate threshold, even 1 year after transplantation. The presence of early, pathologic lactate threshold and peripheral muscle weakness contributes to the limita-
